Introduction {#s0001}
============

Mineral trioxide aggregate (MTA) is typically comprised of 80% Portland cement (PC) and 20% bismuth oxide (BO). Particles of BO make the cement radiopaque,\[[@CIT0001]\] but they are insoluble in water, and do not make a significant contribution to the setting reaction.\[[@CIT0002]\] However, BO physically separates particles of PC during the setting reaction, which then influences the properties of the set cement.\[[@CIT0003]\]

The particle size distribution (PSD) is known to influence the setting time of both PC and MTA, since cements with smaller particle sizes achieve earlier resistance to indentation and take less time to reach 95% of the plateau value for elastic modulus plateau.\[[@CIT0006],[@CIT0007]\] It is not yet known how changing the particle size affects the compressive strength (CS) and flexural strength (FS) of the set cement.

Assessment of PSD is performed using laser diffraction analysis as it can account for the three dimensionality of particles and also for a large range of particle sizes.\[[@CIT0008]\] The use of SEM sampling was not used because the method involves assessing individual particles and hence would lead to an unrepresentative result.\[[@CIT0008]\]

The international standard for testing the CS of water-based cements involves removing samples from their setting molds only after one hour.\[[@CIT0009]\] However, as MTA cements typically take several hours to set, it is prudent to keep the samples within their molds for a wet curing period of 24 h.\[[@CIT0001], [@CIT0009]\]

The international standard does not describe how to store samples of cement after the initial 24-h period, prior to testing. A range of storage methods have been used, including dry storage, storage in air with 95% or 100% humidity, and complete immersion in water.\[[@CIT0010],[@CIT0011]\] MTA cement will expand when stored in physiological solutions and therefore is expected to desiccate if stored dry in room air,\[[@CIT0012]\] which could result in lower strengths. Aggarwal et al. assessed the flexural strength of set MTA when exposed to various irrigation solutions including 5.25% NaOCl, 2% chlorhexidine gluconate, 17% EDTA, BioPure MTAD and distilled water,\[[@CIT0013]\] but their study did not assess the influence of pH per se.

It can be anticipated that storage parameters such as moisture and pH in the laboratory have parallels to clinical conditions where set MTA is in contact with tooth structure. Given the likely influence of environmental conditions on the physical properties of MTA, the aim of this study was to assess the impact of curing conditions on the mechanical properties of MTA (i.e. CS and FS), particularly variables that could contribute to differences in laboratory studies of MTA. Likewise this study also examined the effect of PC particle size on these same parameters, since alterations in particle size could give improved properties to the set MTA cement which mitigate or overcome the influence of the storage conditions.

Material and methods {#s0002}
====================

Sample preparation {#s0003}
------------------

Two experimental MTA cements were created by combining PC (Si Powders Pty Ltd, Toowoomba, Australia, Lot: UFGP0907/MilledGP) and BO (Alfa Aesar, Ward Hill, MA, Lot No E11Y009). Regular PC (P2) was created by routine milling processes to create Portland cement. A finer powder (P1) was produced by jet-milling the PC which abrades the larger particles into smaller particles while selectively collecting particles of lower mass and size. P2 and P1 was and then mixed with BO powder at a 4:1 ratio, thus producing two MTA cements of differing particle size (M2 \> M1).

Particle size distribution {#s0004}
--------------------------

Laser diffraction particle size analysis was performed in accordance with ISO 13320 as described previously,\[[@CIT0014]\] using a Mastersizer 2000 Analyzer (Malvern Instruments, Worcestershire, UK). The Mastersizer 2000 Analyzer can measure particles from 0.02 μm to 2000 μm with accuracy of ±1%.\[[@CIT0015]\]

One gram of each powder was dispersed into 1 L of methylated spirits as the diluent.\[[@CIT0006],[@CIT0016],[@CIT0017]\] Methylated spirits was used as it produces similar results to isopropyl alcohol when assessing small particles.\[[@CIT0008]\] Ultrasonic energy was applied to disperse agglomerated particles with samples tested within 5 s on application of the samples to diluent. This short period of ultrasonification is not expected to significantly alter the particle size distribution of the sample and is commonly applied in industries assessing Portland cement.\[[@CIT0018]\]

The particle absorption index used was 0.1. The refractive index (RI) of heterogeneous materials was calculated using weighted averages. For methylated spirits, the calculated RI was 1.36 (5% of methanol RI 1.327 and 95% of ethanol RI 1.362).\[[@CIT0019]\] Likewise, the calculated RI for MTA was 1.844 (80% of PC RI 1.68 and 20% of BO RI 2.5).\[[@CIT0020],[@CIT0021]\] The Mie theory for calculating particle size was applied, as it is the preferred method for samples with particles below 50 μm.\[[@CIT0014]\]

Curing conditions and compressive strength {#s0005}
------------------------------------------

To prepare samples for testing CS and FS, powders were mixed with water at a powder-to-water ratio of 3:1 (by mass), as suggested by the original MTA patent,\[[@CIT0001]\] using mixing capsules with 30 s agitation at 4600 oscillations per minute within an amalgamator (Ultramat 2 SDI Ltd, Bayswater, Australia).

To assess the effects of storage on physical properties, cement M2 was chosen. CS was assessed using the method of ISO 9917--1 at 1 week.\[[@CIT0009]\] M2 cement was prepared and placed into split molds (internal dimensions 4 mm diameter and 6 mm height, and the material allowed to set for 1 day.

ISO 9917--1 involves setting cements in molds for 1 h followed by storage of the cement in grade 3 water at 37 ± 1 °C for 23 ± 0.5 h. However, as MTA takes several hours to set,\[[@CIT0001]\] the following alterations to ISO 9917--1 were performed:Rather than setting the cement for 1 h prior to removing the cement from the molds, the cements were allowed to set for 1 day. This was to accommodate the prolonged setting time of MTA as ISO 9917-1 is more appropriate for fast setting cements such as GIC.\[[@CIT0009]\]Rather than storing the cement in Grade 3 water, the cement was stored under four conditions, namely dry, in pH 5 Grade 3 water, in pH 7.5 Grade 3 water and in 0.15 mmol/L phosphate buffered saline (PBS)(Sigma-Aldrich, MO), at pH 7.2. The purpose of using PBS compared against the other conditions was to see if physiological conditions differ from anticipated typical laboratory conditions. The purpose of the two types of Grade 3 water is to assess whether Grade 3 water can produce variable results.Samples were then tested with one of two CS assessments. The first used an Instron 5543 Testing Machine (High Wycombe, UK), which was used in a dry room (24 °C). The second used an Instron 5848 Testing Machine (High Wycombe, UK), in which the samples were submerged in PBS at 37 °C in an Instron BioPuls bath (High Wycombe, UK). The loading rate for both machines was 50 N/min. Six replicates were used for each sample group instead of five. The purpose was to again, consider the differences between testing in a dry environment against testing submerged in PBS to replicate physiological conditions.

CS was calculated using the formula: where, *p* is the maximum force applied (N); *d* is the measured diameter of the specimen (mm).

Curing conditions and flexural strength {#s0006}
---------------------------------------

Samples of M2 cement were cured, stored and tested in various environmental conditions as described above. The split molds had internal dimensions of 25 mm length, 2 mm height, and 2 mm width, as per ISO 4049.\[[@CIT0022]\] Eight replicates were used for each sample group. ISO 4049 is typically for composite resins and hence the curing conditions described above for compressive strength were utilized.\[[@CIT0022]\]

FS was calculated using the formula: where, *F* is the maximum load (N) exerted on the specimen; *l* is the distance (mm) between the supports; *b* is the width (mm) at the center of the specimen; *h* is the height (mm) at the center of the specimen.

Particle size effects on compressive strength {#s0007}
---------------------------------------------

Samples of P1, P2, M1 and M2 cements were prepared, using split molds with internal dimensions of 6 mm height and 4 mm diameter. The samples were allowed to set for 1 day submerged in PBS solution at 37 °C, and then allowed to cure for a further 1 day, 1 week or 3 weeks, all in PBS at 37 °C. This protocol was chosen based on the optimal results obtained for M2 cement in the previous part of the study. Compressive strength was assessed as per ISO 9917--1,\[[@CIT0009]\] using an Instron 5848 Testing Machine (High Wycombe, UK) with the samples submerged in PBS at 37 °C as described above. The loading rate was 50 N/min. Nine replicates were used for each sample group which was different to the suggested five replicates in ISO 9917--1.

Particle size effects on flexural strength {#s0008}
------------------------------------------

Samples of P1, P2, M1 and M2 cements were prepared, using split molds had internal dimensions of 25 mm length, 2 mm height and 2 mm width, as per ISO 4049.\[[@CIT0022]\] The samples were allowed to set for 1 day submerged in PBS solution at 37 °C, and then allowed to cure for a further 1 day, 1 week or 3 weeks, all in PBS at 37 °C. Flexural strength was assessed as described above for M2 cement. Ten replicates were used for each sample group.

Statistical analysis {#s0009}
--------------------

Data sets were tested for normality followed by ANOVA with post-hoc tests. Those which did not pass normality tests were assessed using the Mann--Whitney or Kruskal--Wallis test to determine differences between groups, with Dunn's multiple comparison post-hoc tests. Data sets which did pass normality tests were assessed using analysis of variance, with Bonferroni post-hoc tests.

Results {#s0010}
=======

Particle size distribution {#s0011}
--------------------------

Data for PSD is summarized in [Table 1](#t0001){ref-type="table"}. P2 and M2 had larger particle sizes, while P1 and M1 had smaller particles.

###### 

Particle size distributions of experimental cements and their constituents.

  Description          d10 (μm)   d50 (μm)   d90 (μm)
  -------------------- ---------- ---------- ----------
  100% BO              4.6        8.8        16.4
  P2 (100% PC)         2.2        12.5       29.1
  P1 (100% PC)         1.8        6.1        15.2
  M2 (80% P2/20% BO)   2.7        13.0       37.1
  M1 (80% P1/20% BO)   1.8        6.5        16.5

d10 = 10% of particles below this size; d50 = median particle size; d90 = 90% of particles below this size.

Effect of curing and testing conditions on compressive strength {#s0012}
---------------------------------------------------------------

As shown in [Figure 1](#F0001){ref-type="fig"}, M2 cement, in a PBS was significantly greater in CS than dry storage when tested in dry conditions (*p* \<.01) with all other samples that were tested in dry conditions illustrating no significant differences. However, when comparing samples that were all tested in PBS, there was no significance between the groups.

![Effect of curing conditions on the physical properties on MTA. Bars show means and errors bars indicate 95% confidence intervals. Differences between groups were calculated with the Kruskal--Wallis test, with post-hoc Dunn's multiple comparison tests. Error bars are 95% confidence intervals. Bars indicated with the same letters are significantly different. S: Storage conditions for 1 week. T: Testing conditions.](iabo_a_1239181_f0001_b){#F0001}

When comparing dry versus submersion in PBS testing conditions, there was a two-fold increase in the means from a sample that was stored dry and tested dry, to a sample that was stored dry and tested in PBS. However, there was no significant difference between the groups.

Effect of curing and testing conditions on flexural strength {#s0013}
------------------------------------------------------------

As shown in [Figure 1](#F0001){ref-type="fig"}, M2 that were stored in PBS and tested in dry conditions illustrated significantly greater flexural strength than samples that were stored dry and tested in dry conditions (*p* \< .05). However, there were no differences among the remainder of the samples under dry conditions.

For samples that were tested in PBS, there was a significant difference between samples that were stored dry and samples that were stored in pH 5 (*p* \< .05). However, there was no difference between the other groups.

Effect of particle size on compressive strength {#s0014}
-----------------------------------------------

Results for CS over time in the four different cements during storage in PBS are summarized in [Figure 2](#F0002){ref-type="fig"}. At day 1, the cements with smaller particle sizes (M1 and P1) had greater compressive strength than those with larger particle sizes (M2 and P2). Comparing similar products, there was a significant difference between M1 and M2 (*p* \< .001), and between P1 and P2 (*p* \<.01). Also, there was significance between P1 and M2, (*p* \<.001) and P2 and M1 (*p* \<.05).

![Influence of particle size and time on the physical properties of MTA, when stored in PBS. Bars show means and errors bars indicate 95% confidence intervals. Differences between groups were calculated with parametric ANOVA with post-hoc Bonferroni's multiple comparison tests. Bars indicated with the same letters are significantly different. 1d, 1w, 3w: Stored in PBS for 1 day, 1 week and 3 weeks, respectively.](iabo_a_1239181_f0002_b){#F0002}

By one week of curing, there was no significance difference between the cements.

After 3 weeks, P2 showed a significantly higher CS than the other three cements (*p* \<.001) while the other cements had no differences between each other.

P1 had a significant drop from 1 day to 1 week (*p* \<.05), however, there was no significant difference between the other time periods. P2 had significant increase in CS over those time periods (*p* \<.05/3). There was no difference in M1 over the time periods of 1 day, 1 week and 3 weeks. M2 had a significant increase (*p* \<.001) from 1 day to 1 week and from 1 day to 3 weeks. However, the differences between the other time periods were not significant.

Effects of particle size on flexural strength {#s0015}
---------------------------------------------

Changes in FS over time are summarized in [Figure 2](#F0002){ref-type="fig"}. At day 1, P1 had a significantly greater FS than P2 and M2 (*p* \<.05 and \<.001, respectively). There were no significant differences between the other groups.

By one week of curing, M2 had a significantly greater FS than P2 (*p* \<.05). However, there were no significant differences between the other groups.

By three weeks of curing, M2 was significantly lower than the other cements (*p* \<.05) with the other cements having no difference between each other.

Comparing the same cement tested over different time periods, P1 and M1 had no significant difference over the time periods. P2 at 1week was significantly lower (*p* \< .01) than the other time periods of 1 day and 3 weeks, however, 1 day and 3 weeks were not different from each other. M2 is significantly improved from 1 day to 1 week (*p* \<.01) and there was a significant, albeit small, drop from 1 week to 3 weeks (*p* \<.01) but there were no significant differences between 1 day to 3 weeks.

Discussion {#s0016}
==========

This study utilized the mechanical mixing of encapsulated MTA to eliminate operator-induced variability on mixing and consistent mixing of optimum water to powder proportions, a method applied by other studies.\[[@CIT0023], [@CIT0024]\]

Samples those were stored in PBS, when tested in dry conditions, had better CS and FS than samples that were stored dry and tested dry. This illustrates the importance of submerged MTA in PBS when storing samples as dry storage of MTA would desiccate the MTA resulting in weaker CS. The average value of 26.5 MPa obtained for dry-stored and dry-tested MTA is comparable to the findings of Porter (27 MPa),\[[@CIT0010]\] while the 66 MPa value obtained for PBS-stored and wet-tested MTA is comparable to that of Camilleri (above 65 MPa)\[[@CIT0005]\] and Torabinejad et al (67 MPa).\[[@CIT0025]\]

A trend was seen for lower CS under acidic conditions. This aligns with results of previous studies that reported environmental acids causing MTA to deteriorate.\[[@CIT0026]\] This point is also relevant to sites of dental caries or acute inflammation where a lower pH will be found. Despite the trend of lower CS for acidic conditions, the differences were not statistically significant with PBS and slightly alkaline mixing water.

Interestingly, the CS of dry-stored MTA tested in PBS was comparable to samples cured in aqueous conditions, suggesting that MTA once rehydrated shows improved CS but not improved FS.

In this study, the number of samples able to be assessed in each group varied slightly due to some samples becoming locked into the split molds or being damaged upon removal, and thus excluded. This problem could be overcome if the stainless steel molds specified in the ISO standard were replaced with single use or re-useable soft bendable molds, to facilitate sample removal. One study had employed single-use molds that were cut to preserve the integrity of the set samples, and reported that the CS of such MTA samples when cured in the presence of air, albeit, with a nearby wet cotton pellet were higher than similarly dry stored samples in other studies.\[[@CIT0029]\]

After placing MTA, clinicians can place a wet cotton pellet, dry cotton pellet,\[[@CIT0030]\] or a restorative material above the newly placed MTA.\[[@CIT0031]\] The results of the present study illustrates that using a dry cotton pellet could be detrimental to the strength of the MTA. Although curing MTA in a wet environment is better than curing in a dry environment, the current results do not suggest that placing a wet cotton pellet is superior to placing a restoration directly above the MTA.

In the cements tested in the present study, smaller particle sizes gave significant greater initial CS at 1 day. However over periods of 1 to 3 weeks, this advantage became less apparent. The present results shows a trend where MTA generally had weaker initial strengths than its counterpart in PC, which replicates the findings of Islam and colleagues.\[[@CIT0032]\] However, a significant difference was not found in this study, likely due to the smaller sample sizes. The other trend demonstrated that was that cements with larger particle sizes have weaker initial strengths than their counterparts with smaller particles. This trend is comparable to a rheological study which illustrated that both MTA and PC with smaller sizes had faster setting times.\[[@CIT0007]\]

M2 was used in this study as its PSD is similar to commonly acquirable PC enabling greater reproducibility of similar studies. Although M1 has faster setting times, its long-term properties showed no advantages over M2. In fact, the fast setting time of ultrafine PCs can result in thermal cracking as well as chemical shrinkage.\[[@CIT0033]\] Ultrafine PCs also require a greater water-to-cement mixing ratio, or alternatively, become a difficult to handle material (i.e. crumbly).\[[@CIT0034]\] A possible risk is utilizing greater amounts of mixing water will increase solubility of MTA which is a clinically undesirable property.\[[@CIT0035]\]

Although the use of finer cements can reduce the setting time of PC and MTA, consideration of chemical additives are required to overcome the other properties that accompany the reduction in PSD.\[[@CIT0006]\]

An interesting finding was that the d90 for the experimental MTAs was greater than the d90 of the PCs and BO, when it should be less. The use of a weighted average RI is appropriate for d10 and d50, however this approach becomes less accurate for the larger d90 particles. A possible method which could be employed in future studies measuring the PSD of MTA would be to use centrifugal separation, as the density of the BO radiopacifier particles is far greater than those of the PC particles, and to then perform laser diffraction analysis of the separated mixtures. Alternatively, a study could be performed using various PC and BO products with a range of PSDs, which are then combined to create experimental MTA cements, to determine an ideal RI for MTA.In summary, when MTA is assessed *in vitro*, it should be wet-cured, i.e. submerged in water, to prevent desiccation of the samples. Testing should also be performed in physiological conditions. Reducing the particle size provides initial advantages in CS and FS as well as reported acceleration in setting time.\[[@CIT0006]\] However, this advantage is lost over time and other methods to improve the properties of MTA should be considered.
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